Hydrophobic interactions and disulfide bonds involved in heat-induced soy protein gels were characterised by determining the dissolution kinetics of gels. Reducing SDS-PAGE results revealed that all proteins in gel network could be dissolved simultaneously by 1% (w/v) SDS solution, while a majority of glycinin (11S) A polypeptide and a moderate amount of 11S-B polypeptides, 7S-a 0 , a, c, and b subunits were found in 2% (w/v) DTT dissolving samples. Stronger interaction force between proteins in gel network would result in lower dissolution constant rate. The breaking force of soy gels increased from 543 to 2171 g force with increasing heating temperature from 85 to 100°C, and denaturation of 11S globulins played an important role in the development of gel network. As increasing heating time from 30 to 120 min, the breaking force of gels increased from 1687 to 2175 g force , then decreased to 1253 g force when the time was prolonged to 240 min. Negative correlations were observed between breaking force and dissolution constant rate k SDS or Dk, which suggested that the strengthening of both hydrophobic interactions and disulfide bonds.
Introduction
The ability to form a gel upon heating makes soy proteins well suited to improving textural properties of food products. Soy protein isolates are composed of two major components: b-conglycinin (7S) and glycinin (11S) globulins. Heat denaturation of protein is considered to be a prerequisite for soy gel formation (Renkema & Van, 2002; Wu et al., 2015) . Heating treatment can induce irreversible unfolding and disruption of the quaternary of b-conglycinin and glycinin globulins, during which functional groups buried in protein molecules become available for intermolecular interactions. Exposure of hydrophobic groups leads to hydrophobic interactions between protein molecules which are necessary in aggregation and cross-linking behaviours during gel forming. Exposure of sulfhydryl groups can initiate disulfide-sulfhydryl interchange reactions which also play a key role in cross-linking of proteins or aggregates (Ruan et al., 2014) . Finally, a gel network will be formed from these strands units above a critical protein concentration. The formation of gel networks can be attributed to the result of the balance of protein-protein and protein-water attraction and repulsion interactions. Therefore, a better understanding of interactions among proteins in gel network would provide valuable insights on proper application of processing conditions for the development of gel based food products.
The molecular forces involved in the gel network were dependent upon pH (Shimada & Cheftel, 1988; Li et al., 2018; Niu et al., 2018) , salts (Li et al., 2018) , protein composition (Wu et al., 2017) and thermal treatment conditions, such as heating time (Berghout et al., 2015) and temperature (Wang et al., 2017) . Electrostatic interactions between proteins in gel network closely related to the pH and ionic strength of the system (Cavallieri et al., 2007) . In heat-induced soy protein gels, higher 11S ratio would lead to more hydrophobic interactions in gel network, since more hydrophobic amino acids were found in 11S than in 7S (Yuan et al., 2009) . Heating time and temperature have an apparent effect on the forming of disulfide bonds between proteins, because the AB subunit of 11S can disassociate into A and B polypeptides which are responsible for the sulphydryl/ disulphide reaction (Ruan et al., 2014) . The specific effect of adding various reagents, mainly protein structure destabilisers and stabilisers, on the formation, rheological and mechanical properties of protein gels had been extensively discussed. Wang & Damodaran (1990) found that disulfide linked polymers played an indispensable role in gel formation of glycinin or soy protein isolate gels. Hua et al. (2005) reported an opposite result that for all soy protein isolates examined, the gel strength increased when Nethylmaleimide (NEM) was used to block sulfhydryl groups in protein, indicating that the different gelling behaviour of soy protein isolates would be attributed to their differences in surface hydrophobicity. In whey protein gel systems, Nguyen et al. (2014) found that gels made by NEM blocked protein had higher firmness, but these gels could be ruptured more easily than those with more disulfide bonds. Sun & Arntfield (2012) monitored the changes of molecular forces in heat-induced pea protein gel in the presence of different chemicals, and observed that disulfide bonds were not required for gel formation since no significant influence on storage modulus was found when adding different concentrations of b-mercaptoethanol. The method used by researchers mentioned above to investigate molecular forces involved in gel network was based on inhibiting the formation of different interactions or bonds in gel network by adding denaturing agent before gelling. However, little is known about quantitative analysis of molecular forces in gel network and the relationship between the strength of molecular forces and mechanical properties of gel.
The aim of the present study was to investigate changes of hydrophobic interactions and disulfide bonds in gel network as affected by heating time and temperature. The strength of these two forces in gel was characterised by determining the dissolution kinetics of heat-induced soy protein gels in different dissolving mediums. Sodium dodecyl sulfate (SDS) was known to destabilise hydrophobic interactions (Yu et al., 2017) , and DTT was used to disrupt disulfide bonds (Sun & Arntfield, 2012) . The protein composition and concentration of dissolving samples of soy gel were analysed by reducing SDS-PAGE and SEC-HPLC. Finally, impacts of heating time and temperature on the hydrophobic interactions and disulfide bonds involved in gel network and its relationship to breaking force of soy gel were discussed.
Materials and methods

Materials
Defatted soybean flakes were purchased from Shangdong Gushen Industrial & Commercial Co., Ltd. The flakes had a protein content of 55.0% (N 9 6.25, dry base) (Jung et al., 2003) and a nitrogen solubility index of 87%. Soy protein isolates (SPI) were obtained as reported previously (Wu et al., 2015) . The protein content, determined by the micro-Kjeldahl method (Jung et al., 2003) , was 91.3 AE 0.2%.
Differential Scanning Calorimetry (DSC)
The thermal denaturation of soy protein isolates was determined by a DSC (TA Instruments, New Castle, DE, USA) measurements at the scanning rate of 1°C min À1 for a temperature range from 25 to 105°C. Protein samples (15-20 mg) of 10% (w/v) dispersions in water were hermetically sealed in aluminum pans. A sample that was not preheated was used as the reference material. The onset temperature, peak temperature and terminal temperature were analysed by TA advantage (Thermal or Rheology) software 5.2.0. (TA Instruments).
Preparation of soy protein gels
Heat-induced soy protein gels were prepared according to our previous study (Wu et al., 2017) . Rehydration of SPI at concentration of 18% (w/v) (soy gels prepared at this protein concentration are easy to handle) was performed in distilled water. The pH was adjusted to 7.0 with 1 M HCl or 1 M NaOH. The soy protein dispersion was centrifuged at 10 000 g for 30 min to remove gas, and then carefully placed in a sealed Teflon vessel with 6.5 cm high and 3.0 cm internal diameter (Ruinike Co., Ltd., Nanjing, China). Gelation was then performed at 85, 90, 95 and 100°C for 30 min, or at 95°C for 30, 60, 120 and 240 min. Then gels were immediately cooled and stored at 4°C overnight to ensure complete gelation before further use.
Dissolution of soy protein gels
The cylindrical soy protein gels (18%, w/v; 100°C; 30 min) were cut into 1.5 mm thick slices with a razor and transferred to bottles with three different dissolution mediums (deionized water, 1% (w/v) SDS, or a mixture of 1% (w/v) SDS and 2% (w/v) DTT) at a ratio of 1:10 (w/v). NaN 3 (0.02%, w/v) was used as an antibacterial agent. The bottles were gently rotated in a shaker incubator at 100 r. p. m. at 25°C. During dissolution, 0.5 mL sample was periodically collected and replaced with fresh buffer. Gel slices had been dissolved completely when no precipitates could be obtained by centrifugation of collected samples at 10 000 g for 20 min.
Reducing and non-reducing SDS-PAGE
SDS-PAGE was performed to examine protein composition of dissolution samples collected at different time. Details of the protocols of SDS-PAGE can be seen in the methods proposed by Laemmli (1970) and Wu et al. (2015) . Electrophoresis was performed in a 12.5% resolving gel overlaid with a 3% stacking gel. Samples with the same protein concentration were mixed with 19 sample dissolving buffer (4% SDS, 20% glycerol, 0.125 M Tris-HCl buffer-pH 6.8, 0.01% bromophenol blue), then divided into two parts: the reducing (for samples dissolved by a mixture of 1% SDS and 2% DTT, there was only reducing parts) and non-reducing ones. Samples were electrophoresed at constant current of 12 mA and a maximum constant voltage of 250 V.
High-performance size exclusion chromatography (SEC-HPLC)
Changes of protein concentration of collected dissolution samples were measured by SEC-HPLC following the method of Wu et al. (2010) . A Hitachi liquid chromatography system equipped with a Shodex protein KW-804 column (Shodex Separation and HPLC Group, Tokyo, Japan) was used, and the fluent was monitored at 280 nm. The area of each peak is related to the concentration of proteins with the same size, because the absorption of components at 280 nm is relevant to the content of tyrosine, phenylalanine and tryptophan in the protein.
Calculation of dissolution rate constant k of gels
Dissolution of heat-induced soy protein gels was characterised by calculating the dissolution rate constant k, which was estimated on the basis of dissolving kinetics curve, fitted empirically to an equation of the form (Kravtchenko et al., 1999) :
where M t is the mass of gel dissolved at time t and M ∞ is the final gel mass dissolved. k is dissolution rate constant which quantifies the rate of dissolution of the gel. M t /M ∞ can also be expressed as S t /S ∞ (given that the volume of dissolving medium is constant, and the peak area in the profiles of SEC-HPLC is relevant to the protein concentration in the samples), in which S t and S ∞ are SEC-HPLC peak areas at time t and at the final time, respectively.
Determination of gel breaking force
The measurements were performed with a TA-XT2 Texture Analyser (Stable Micro Systems, Godalming, Surrey, UK) at room temperature according to the method of Moreno et al. (2015) with some modifications. Puncture test was carried out over samples (diameter 30 mm, height 20 mm) that were penetrated up to breaking point, using a P25 probe at 1.0 mm s À1 crosshead speed. In order to investigate the contribution of hydrophobic interaction and disulfide bond to the breaking force of gel, the correlations between the breaking force of gel and dissolution rate constant k SDS or Dk were analysed by origin 9.0 software, and a linear fit mode was applied.
Statistical analysis
Experimental data were subjected to analysis of variance (ANOVA) using SAS 9.1. A least significant difference (LSD) test with a confidence interval of 95% was used to compare the mean values. All of the treatments were performed in triplicate. Data are expressed as mean AE SD (n = 3).
Results and discussion
Effects of different mediums on the dissolving of gels
In order to evaluate the contribution of hydrophobic interactions and disulphide bonds on the stabilization of gel network, three mediums including deionised water, SDS solution and DTT solution were chosen to dissolving gel samples. SDS and DTT had been known to destabilise hydrophobic interactions and disulphide bonds, respectively. The dissolved fractions from gel samples were analysed by non-reducing ( Figure S1 ) and reducing SDS-PAGE (Fig. 1) . In non-reducing SDS-PAGE ( Figure S1 ), most of the components presented in the top of separate and stacking gels, but disappeared in reducing SDS-PAGE, suggesting that these fractions were connected by disulfide bonds. In reducing SDS-PAGE, proteins solubilised in deionised water (Fig. 1a) were composed of a majority of A polypeptides and a moderate amount of BowmanÀBirk trypsin inhibitor (BBI) (15 kDa) and a very small amount of 7S-a 0 , a, and 11S-A 3 , A 5 polypeptides. Figure 1b shows protein compositions of dissolution samples by 1% (w/v) SDS. All of the major components of soy proteins, including 7S-a 0 , a, c and b subunits and 11S-A, B, A 3 and A 5 polypeptides, were detected, and the contents of these subunits or polypeptides increased simultaneously with increasing dissolving time from 0 to 24 h. Furthermore, heat-induced soy protein gels could be completely solubilised in SDS solution, indicating that hydrophobic interactions among protein molecules or aggregates played a key role in the formation of soy gel. Figure 1c shows the protein compositions of dissolution factions of soy protein gel in 2% (w/v) DTT solution. A majority of 11S-A polypeptides were observed in reducing SDS-PAGE of dissolution samples, and a moderate amount of 11S-B polypeptides and 7S-a 0 , a, c and b subunits were also found. These results suggested that A polypeptides contributed to gel network mainly by disulfide bonds, while 11S-B polypeptides and 7S-a 0 , a, c and b subunits could take part in gel network both by disulfide bonds and hydrophobic interactions. Ruan et al. (2014) performed a research on heat-induced aggregation and sulphydryl/disulfide reaction products of soy protein with different sulphydryl content, and detected disulfide bond linked dimers of 7S-a 0 , a subunits and dimers of 11S-B polypeptides after thermal treatment of soy protein.
Effects of heating temperature
Dissolution kinetics of heat-induced soy protein gels Figure 2a shows representative SEC-HPLC profiles of samples from gels (18% (w/v), 100°C and 30 min) solubilized by 1% SDS. One major peak at 4-6.5 min can be observed, and the intensity of this peak increased when dissolving time was increased from 0.5 to 24 h (gel slices were completely dissolved). Figure 2b shows SEC-HPLC profiles of dissolution samples from gels dissolved by a mixture of 1% SDS and 2% DTT, and a rapid increase of peak areas can be observed from 0.5 to 3.0 h. Figure 2c and d shows relative areas of peaks in Figure 2a and b as a function of dissolving time. Larger differences of fraction dissolved can be found at the initial stage, and the dissolution rate constant k (h À1 ) was calculated by fitting relative peak areas at the initial stage to eqn 1. As shows in Table 1 , k SDS decreased significantly with increasing heating temperature, which suggested that gels formed at higher temperature were difficult to be dissolved by SDS solution, or in other words, hydrophobic interactions between protein molecules in gels formed at higher temperature were stronger than at lower temperature. Wang et al. (2012) reported that heat treatment of soy protein isolate at higher temperature led to a higher surface hydrophobicity and more protein aggregates formed by hydrophobic interactions. As noted in Table 1 , Dk is the difference between k SDS and k SDS&DTT , and it was used for describing changes of disulfide bonds in gel network. The same trend as k SDS was found for Dk, which indicated that disulfide bonds in gels were also strengthened as increasing heating temperature. Figure 3 shows DSC thermogram of soy protein isolate, and two endothermic transitions were observed caused by heat denaturation of 7S globulins at lower temperature and of 11S globulins at higher temperature. The onset and peak denaturation temperatures were 71.63 and 77.14°C for 7S globulins and 86.52 and 93.91°C for 11S globulins, respectively, which were consistent with previous literatures (Hua et al., 2005) . Thus, 7S globulins might be completely denatured at temperatures above 85°C for 30 min, while 11S globulin was partly denatured at 85 and 90°C, and the denaturation degree of 11S globulin would increase with increasing heating temperatures from 85 to 100°C. Denaturation of 11S globulins resulted in broken of disulfide bond between A and B polypeptides, which did promote the sulfydryl/disulfide interchange reaction. Therefore, a strengthening of disulfide bonds in gel network was obtained at higher heating temperature. Figure 4a shows breaking force values of soy protein gels with different heating temperatures. The breaking force of gel increased as elevating heating temperature. A sharp increase was observed over the temperature between 90 and 95°C, and small increases were found from 85 to 90 and 95 to 100°C. Yang et al. (2014) also reported that stronger gel strength was found in thermally induced canola protein gels as heating temperature was increased from 80 to 100°C. The sharp increase in breaking force with increasing heating temperature from 90 to 95°C suggested that the formation of new and substantial network structure occurred within the gel. The peak denaturation temperatures of 7S and 11S globulins were 77.14 and 93.91°C respectively. Therefore, the increase of breaking force might be attributed to conformation changes and disassociation of 11S-AB subunits. The onset and terminational denaturation temperatures of 11S globulins were 86.52 and 99.56°C respectively, thus more protein became denatured at 90 and 100°C than at 85 and 95°C, resulting in higher breaking force. All in all, denaturation of 11S globulins played an important role in the development of gel network when heating temperature was above 85°C.
Effect on breaking force
Relationships between dissolution rate constant k and breaking force of gels Figure 4b and c gives relationship between breaking force and dissolution rate constant k of gel. A negative correlation was found between breaking force and k SDS as a function of heating temperature, which indicated that the more difficultly dissolved by SDS solution, the higher values of breaking force of gels, or in other words, the higher strength of hydrophobic interactions in gel network, the higher breaking force of gel. This could be explained by the fact that as heating temperature increased from 85 to 100°C, more soy proteins, especially 11S globulins, became denatured. Unfolding of soy proteins and exploration of hydrophobic sites resulted in strengthening of hydrophobic interactions within gel network. Hua et al. (2005) also reported that gels formed by soy protein isolates with higher surface hydrophobicity would have larger storage modulus. A negative correlation between breaking force and Mk was also obtained (Fig. 4c) , suggesting that the increase of breaking force with increasing heating temperature could also be attributed to the strengthening of disulfide bonds in gel network. In a previous study (Wu et al., 2017) , by determining protein composition of non-network proteins in gel network with SDS-PAGE, we found that the contents of undenatured 11S fractions in forms of AB and A 5 B 3 decreased as increasing heating temperature from 85 to 95°C, and more proteins became available for sulfydryl/disulfide interchange reaction.
Effects of heating time
Effects on breaking force The influence of heating time on breaking force of heat-induced (95°C, 18% (w/v)) soy protein gels was shown in Fig. 5a . The breaking force values of gels increased with increasing heating time from 30 to 120 min, while a significant decrease was observed when heating time was prolonged to 240 min. Heat denaturation of proteins was a prerequisite for gel formation (Wu et al., 2015 (Wu et al., , 2017 . Being heated for 30 min at 95°C, a specific equilibrium existed in gel network between proteins in denatured state and proteins in native state (or proteins inert in gel matrix). When heating time increased from 30 to 120 min, more soy proteins, mainly 11S-AB subunits, became denatured, leading to more proteins incorporated in gel network. The network was thickened and strengthened, inducing an increase in the amount of strands between flocs. Therefore, the breaking force of heatinduced soy protein gels increased with increasing heating time from 30 to 120 min. The decrease of breaking force caused by prolonged heating might be attributed to rearrangements in gel network. The Fusion of protein aggregates in the strands, resulting in denser and stiffer strands (Renkema & Van, 2002) , might lead to heterogeneous distribution of proteins or aggregates in gel network. Moreover, decreasing in hydrophobic interaction and disulfide bonds was found in gel network when prolonging heating time from 120 to 240 min as shown in Table 2 . Thus, a smaller breaking force value was obtained.
Relationships between dissolution rate constant k and breaking force of gels The dissolution rate constant k (h À1 ) of gels ((18%, w/v), 95°C) as a function heating time was calculated by fitting relative peak areas (data not shown) to eqn 1, and the results were shown in Table 2 . k SDS values significantly decreased with increasing heating time from 30 to 120 min, then increased sharply from 120 to 240 min. The same trend was found in Dk values. The decrease of k SDS or Dk with increasing in heating time from 30 to 120 min suggested that more reaction rites, mainly hydrophobic and sulphydryl sites, became available and favoured protein aggregation reactions through hydrophobic interactions or disulfide bonds (Renkema & Van, 2002) . Furthermore, the exposure of reaction sites might be attributed to the increase of denaturation and dissociation of 11S-AB subunits as increasing heating time from 30 to 120 min. In a previous study (Wu et al., 2015) , by investigating the protein composition of non-network proteins released from gel network, we found that the content of undenatured AB subunits decreased when heating time increased from 30 to 120 min, thus, more polymers linked by disulfide bonds could be formed by dissociated A and B polypeptides. Moreover, B polypeptides, which have more hydrophobic amino acids in primary structure than other subunits of soy proteins (Yuan et al., 2009) , would form protein aggregates in gel network via hydrophobic interactions. The highest k SDS and Dk were observed at 240 min heating treatment, which suggested that gel formed by prolonged heating could be dissolved more easily than at shorter heating time and that the interactions among proteins in gel network were weaker. Figure 5b and c illustrates relationships between breaking force and dissolution rate constant k of gel formed at different heating time. Negative correlations were observed between gel breaking force and k SDS or Dk, indicating that gel network with stronger hydrophobic interactions or more disulfide bonds between protein molecules possessed larger breaking force values. Furthermore, slopes of the two fitted lines in Fig. 5b and c (À4075 and À4875) were smaller than they were in Fig. 4b and c (À13 831 and À16 361), indicating that there was a greater impact on breaking force by increasing heating temperature (85-100°C, 30 min) than by increasing heating time (95°C, 30-240 min). This could be explained by that onset and peak denaturation temperature of 11S globulins determined by DSC were 86.52 and 93.91°C respectively, thus, denaturation ratios of 11S globulins obtained at different heating temperatures would be of greater differences than at different heating time.
Conclusion
The present study demonstrated that dissolution kinetics of soy protein gel can be used to characterise hydrophobic interactions and disulfide bonds in gel network. Both of these two molecular forces played important roles in breaking force of gel network. A majority of soy proteins could incorporate into heatinduced soy gel network by hydrophobic interactions, while parts of the proteins, including a majority of A polypeptide and a moderate amount of 11S-B polypeptides and 7S-a 0 , a, c, and b subunits, contributed to gel network by disulfide bonds. Larger breaking force values were obtained when higher heating temperatures were applied, which could be attributed to the strengthening of hydrophobic interactions and disulfide bonds induced by increases of denaturation ratio of 11S globulins as elevating heating temperature. The changes of breaking force values as affected by heating time could also be related to the strengthening or weakening effect of hydrophobic interactions and disulfide bonds, which might be caused by further incorporating of 11S globulins into gel network or arrangement of gel matrix during prolonged heating treatment. In this study, the relationship between breaking force of soy protein gels and molecular forces may provide essential knowledge for texture design.
